Atomic force microscopy 1 (AFM) is a powerful tool for analysing the shapes of individual molecules and the forces acting on them. AFM-based force spectroscopy provides insights into the structural and energetic dynamics 2-4 of biomolecules by probing the interactions within individual molecules 5, 6 , or between a surface-bound molecule and a cantilever that carries a complementary binding partner [7] [8] [9] . Here, we show that an AFM cantilever with an antibody tether can measure the distances between 5-methylcytidine bases in individual DNA strands with a resolution of 4 Å, thereby revealing the DNA methylation pattern, which has an important role in the epigenetic control of gene expression. The antibody is able to bind two 5-methylcytidine bases of a surface-immobilized DNA strand, and retracting the cantilever results in a unique rupture signature reflecting the spacing between two tagged bases. This nanomechanical approach might also allow related chemical patterns to be retrieved from biopolymers at the single-molecule level.
Atomic force microscopy 1 (AFM) is a powerful tool for analysing the shapes of individual molecules and the forces acting on them. AFM-based force spectroscopy provides insights into the structural and energetic dynamics [2] [3] [4] of biomolecules by probing the interactions within individual molecules 5, 6 , or between a surface-bound molecule and a cantilever that carries a complementary binding partner [7] [8] [9] . Here, we show that an AFM cantilever with an antibody tether can measure the distances between 5-methylcytidine bases in individual DNA strands with a resolution of 4 Å, thereby revealing the DNA methylation pattern, which has an important role in the epigenetic control of gene expression. The antibody is able to bind two 5-methylcytidine bases of a surface-immobilized DNA strand, and retracting the cantilever results in a unique rupture signature reflecting the spacing between two tagged bases. This nanomechanical approach might also allow related chemical patterns to be retrieved from biopolymers at the single-molecule level.
Reading DNA sequences in a single-molecule [10] [11] [12] and labelfree [13] [14] [15] fashion remains a challenge in modern biology. Direct mechanical measurements on nucleic acids 16 have revealed the sequence-specific mechanism of DNA unzipping [17] [18] [19] and RNA unfolding 20 . However, thermal fluctuations and the weakness of the base-pair interactions have limited the resolution of this approach to ten base pairs 21 , which is insufficient to read individual separate bases along an individual DNA strand. A specific challenge is to understand 5-methylcytosine-carrying DNA sequences that play a crucial role in epigenetic gene regulation, but are difficult to read with conventional ensemble methods 22, 23 , especially when 5-hydroxymethylcytosine 24 is involved. We have developed an atomic force microscope (AFM)-based nanomechanical approach that measures the distance between 5-methylcytosine bases in individual DNA strands and thereby determines the methylation pattern. The experimental components and principle of the approach are shown schematically in Fig. 1a . A monoclonal antibody specific for 5-methylcytidine is conjugated 25 via a flexible poly(ethylene glycol) (PEG) crosslinker to an AFM cantilever tip, and a 5-methylcytidine-containing single-stranded DNA (ssDNA) oligonucleotide is coupled via its 3
′ -terminus to a glass slide 26 . Bringing the AFM tip into contact with the slide surface leads to the formation of two molecular bonds between the Fab arms of the antibody and two methylcytosine bases on the ssDNA (Fig. 1a, panel 1) . Retracting the cantilever first elongates the flexible PEG and a section of the DNA strands (Fig. 1a, panel 2) , and then sequentially breaks the first and second bonds (Fig. 1a, panels 3 and 4, respectively). These molecular changes are reflected in the corresponding force-distance curve (Fig. 1b) , as indicated by the gradual increase in force (Fig. 1b, part 1 of the curve) . Importantly, the rupture of the two base-mediated bonds leads to two unique peaks in the force-distance curve (Fig. 1b , parts 2 and 3 of the curve), revealing the exact distance between the bases in the DNA strand.
The approach to measuring molecular dimensions by means of rupture distances was experimentally validated with ssDNA Figure 1 | A single-molecule force spectroscopy experiment reveals the molecular distance between two 5-methylcytosine bases in a DNA strand. a, ssDNA is coupled to an aldehyde-bearing glass surface through an amine group at its 3 ′ -end, and the antibody is tethered via a lysine residue or its natural oligosaccharide and a flexible PEG crosslinker to the cantilever tip. The two Fab-arms and the Fc-arm of the antibody are indicated. Panels 1, 2, 3 and 4 correspond to different states that occur upon retracting the cantilever from the surface, including the elongation of the PEG and DNA strands and the sequential breaking of the two methylcytosine antibody bonds. b, These molecular changes are reflected in a force-distance curve, with the rupture distance in the curve (points 2 to 3) corresponding to the spacing between two 5-methylcytidines in a DNA strand.
carrying 5-methylcytosine bases separated by three nucleotides each. Representative force-distance curves featured two-step rupture signatures with spacings of 4, 8, 12 and 16 nucleotides between the methylcytosine bases ( Fig. 2a ), in line with expectations for the sequential breaking of the molecular bonds with two methylcytosine bases. The measurements also revealed single-step traces that stem from DNA strands bound by a single Fab arm ( Supplementary Fig. S1 ). Over 200 dual-rupture curves were combined to obtain a probability density distribution (red line in Fig. 2b ) for quantitative analysis using multiple Gaussian fitting (blue lines in Fig. 2b ). The four quasi-equidistant peaks in the distribution feature peak maxima and widths (3.2+0.94 nm, 5.6+0.92 nm, 7.9+0.57 nm and 9.9+0.84 nm) that correspond well to the four different nucleotide distances between various pairs from the total pool of five 5-methylcytidines. The derived normalized average distance per nucleotide of 0.62-0.70 nm, obtained for spacings of 8, 12 and 16 nucleotides, was indeed in very good agreement with the theoretical value of 0.59 nm for the C3-endo and 0.70 nm for the C2-endo conformation of the ribose unit in the DNA backbone 16 . Similar calculations for a spacing of four nucleotides yielded a slightly greater normalized distance per nucleotide, which might be caused by mechanical twists or kinks of the Fab-arms upon binding, due to the enforced short distance between the two 5-methylcytidines (2.4-2.8 nm in stretched configuration, compared to the intrinsic antibody thickness of 3.5 nm). Further analysis of the probability density distribution revealed that the height of the peaks related to the probability of the occurrence of two-step unbinding events, was consistent with the number of possible combinations for the molecular interactions between two Fab arms and the five 5-methylcytosine bases. According to simple theoretical considerations (Fig. 2b, inset) , the spatial distances of 4, 8, 12 and 16 nucleotides should occur 4, 3, 2 and 1 times, respectively. The relative peak heights in the distribution of Fig. 2b consistently corresponded to the approximate ratio of 4/3/2/1. These findings strongly indicate independent binding of the two Fab-arms (that is, lack of cooperativity 27 ), which must be due to the high overall flexibility of the antibody domains 28 and the DNA 16 . Both antibody and DNA act as highly dynamic molecular calipers capable of screening and gauging distances on the nanoscale, made possible by their ability to adopt a vast number of conformations.
The method was further tested using another DNA sample containing nine 5-methylcytidines separated by six nucleotides to confirm that discrete AFM signatures can be obtained (Fig. 3a) . The experimental probability density distribution of the rupture distances revealed six distinct peaks (Fig. 3b) . Their maxima were located at 3.9+1.10 nm, 7.5+1.17 nm, 10.9+1.06 nm, 14.7+0.82 nm, 17.8+0.73 nm and 21.4+0.60 nm, respectively, and correlated well with the distances between two 5-methylcytidines separated To inspect whether the single-molecule approach can infer sequence information with single-base resolution, we attached the antibody to the cantilever via one of the two natural oligosaccharide chains located in the hinge region between the Fab and Fc arms. In contrast to the above used random and non-directed lysine-based coupling method, the oligosaccharide-based procedure is sitespecific and therefore aligns the tip-bound antibody along the pulling axis and improves the resolution in the rupture distance measurements. The optimized antibody cantilever was used to examine DNA strands with six 5-methylcytidines separated by 3,  8, 1, 8 and 3 nucleotides (Fig. 4a) . Possible rupture distances for this pattern are 1, 3, 8, 9, 11, 12, 17, 20 and 23 nucleotides. The experimental distribution of distances between two unbinding events were in agreement with the peaks (Fig. 4a) , which corresponds to lengths of 8, 9, 11, 12, 17, 20 and 23 nucleotides, respectively (peak maxima at 4.8+0.44 nm, 5.7+0.39 nm, 6.8+0.42 nm, 7.9+0.44 nm, 9.9+0.58 nm, 12.0+0.87 nm and 13.8+0.37 nm; average nucleotide length, 0.58-0.66 nm). The first peak correlated to a distance of three nucleotides, but had a slightly larger length interval (3.5+0.46 nm), consistent with the position of the first peak in Fig. 2b . The two neighbouring 5-methylcytidines could not be bound by one antibody, or at least its unbinding steps were not discernible. Importantly, a distance of 8 nucleotides could be clearly distinguished from 9, and 11 could be discerned from 12, with a resolution of about 4 Å, as determined by the width of single Gaussians fits.
After demonstrating that a given methylcytosine pattern yields a unique distribution of rupture distances, we probed whether the opposite is also true, that is, whether a given distribution encodes for a distinct methylation pattern. We tested this possibility by re-examining the rupture data from the previous experiment (Fig. 4a) . Without a priori knowledge, the distribution pattern with 5-methylcytidine distances of 3, 8, 9, 11, 12, 17, 20 and 23 nucleotides (Fig. 4a) was used as the experimental input to derive three possible methylation patterns (Fig. 4b) . They show almost identical features and differ by the presence and position of only one 5-methylcytidine (Fig. 4b) .
We finally examined whether our single-molecule method is capable of detecting single-nucleotide epigenetic changes. For this purpose, we selected a sequence of a previously examined strand (Fig. 4a) , but substituted cytidine for 5-methylcytidine at position 20. The corresponding distribution of rupture distances (Fig. 4c , peak maxima at 3.3+0.42 nm, 4.8+0.32 nm, 5.6+0.41 nm, 6.9+0.45 nm, 7.9+0.39 nm, 11.7+0.55 nm and 13.5+0.52 nm; average nucleotide length 0.59-0.66 nm) shows a similar pattern to the strand with the 5-methylcytidine in position 20 (Fig. 4a) . However, the peak corresponding to an interval of 17 nucleotides (the distance between 5-methylcytidines on positions 3 and 20) was missing. Therefore, the substitution of one single methyl group was unequivocally verified.
This study presents a single-molecule method for the analysis of biologically relevant methylation sequences of short ssDNA strands with single-nucleotide resolution. Antibodies were used as molecular bivalent calipers and demonstrated remarkable dynamic, nanomechanical and specific-binding capabilities. The sensing of bases separated by very short or very long distances may be further improved using artificial multivalent calipers composed of flexibly joined small antibody fragments 29 or antibody-like molecules 30, 31 . With further experimentation, our single-molecule sensing method can be readily applied to biological samples by using short genomic ssDNA fragments hybridized to oligonucleotide microarrays 32 . The approach is also compatible with cantilever arrays for parallel high-throughput measurements of DNA chips and may be extended to sense other bases and base analogues 33 . By mapping the distance of chemical tags within individual biomolecules at subnanoscale resolution, the nanomechanical strategy may have the potential to directly retrieve related biochemical information from other biopolymers such as post-transcriptionally modified polypeptides. 
